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* introduction of unconventional superconductivity and chiral phase
e topological invariant: Chern number for 2D superconductors

e edge states — bulk-edge correspondence

* spontaneous surface supercurrents

e guantized thermal Hall effect

e extension to 3D chiral superconductors

e other topological superconductors in 2D — helical edge states

e classification



Unconventional Superconductors

superconductivity BCS - coherent state of Cooper pairs
Fermi surface instability ~ .
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Unconventional Superconductors

real space onsite
pairing amplitude
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Unconventional Superconductors

real space onsite
pairing amplitude
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symmetry operations
crystal point group g € P
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Unconventional Superconductors

example: tetragonal crystal spontaneous symmetry breaking
classification by Landau paradigm
irreducible representations G=Px K x U(l)
T+ I (E) I f’( _’) orbital & spin
A SR Ao | 28, + 9%, two-dimensional representation F/,,
Aoy |kuky (k2 — k)y?) | Agy | 2ky — Dk f(k) =nu2ky + my 2k,
By, k2 — 2 By | ks — gk, N S
A ~ two-component
Bag s ky Bay xky + Yk order parameter
Eg {kxkza kykz} Ey, {ékm éky} several symmetries can be

broken spontaneously in
two-fold degeneracy the superconducting phase



Unconventional Superconductors

example: tetragonal crystal Ginzburg-Landau Theory
> = R R S two-component
f(k) = Ny 2ky + nkay = (775157 ny) order parameter
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possible stable phases
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fz(k) — 770('1% T Z.'lcy) fz(k) — 770(ka: T ky) fz(k) — 7707%, nOky
broken time reversal symmetry broken crystal rotation symmetry

chiral nematic



Unconventional Superconductors

example: tetragonal crystal

two-component
iIrameter

|77w‘2‘77y‘2

77:770(17:|:1) 77:770(170)7770(071)
f2(k) =no(ke £ ky)  f.(k) = nokz, nok,
broken time reversal symmetry broken crystal rotation symmetry

chiral nematic



Unconventional Superconductors

standard BCS-type of theory
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Unconventional Superconductors

gap function

A e d A
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spin singlet spin triplet
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Chiral superconductor in 2D systems

gap function chiral p-wave state

A(k’) A( IZ) tight-binding model square lattice

{g = —2t(cosk; +cosky) — p
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( ) ( ( ) 0 —I_ ( ) ) Y nearest-neighbor pairing
\ odd-parity spin-triplet - -0--4¢
d* (k) = AogZ(sinky & isink,)
( ) — dO( ) (k) — _d(_k) ® broken time reversal symmetry
even parity odd parity o degeneracy 2
pairing pairing

e nodeless gap in general
spin singlet spin triplet e topological



Chiral superconductor in 2D systems

chiral p-wave state — topological superconductor
J’:l:(lg) _ AO,?(sin ke +isink,) mapping of BZ-torus to sphere

spin configuration (Tl,) + (¢T)
decoupled Nambu space Hamiltonians
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Chern number — topological invariant
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Chiral superconductor in 2D systems

Chern number — simpler method Q= +1
T 7 ? 15tBZ

gap zeros
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Chern number as winding number

gap zeros in the Brillouin Zone
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Chiral superconductor in 2D systems

losing on FS
Ne¢ = +1 eap ¢

topological transition



Chiral superconductor in 2D systems

example: chiral p-wave from
next-nearest neighbor pairing

square lattice
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Chiral superconductor in 2D systems

edge states Bogolyubov-de Gennes: Andreev approximation
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Chiral superconductor in 2D systems

edge states B+ B |G o da(ke)
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Chiral superconductor in 2D systems

AL, bulk-edge correspondence Ak,
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Chiral superconductor in 2D systems

bulk-edge correspondence
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Chiral superconductor in 2D systems

bulk-edge correspondence 4,
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Chiral superconductor in 2D systems

surface currents

surface

electron

Ek||

L

k|

analog to v=1
Quantum Hall edge state

\ 4

universal surface current ?



Chiral superconductor in 2D systems

surface currents

surface

electron

focus on edge states
- but also continuum

/ k” contributes to current

net electric current parallel to surface

electron hole
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material specific surface current is non-universal
Fermi velocity



Chiral superconductor in 2D systems

surface currents
focus on edge states

By - but also continuum
TT TR / k“ contributes to current
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Chiral superconductor in 2D systems

surface heat currents  heat current density
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Chiral superconductor in 2D systems

surface heat currents  heat current density
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Chiral superconductor in 2D systems

thermal Hall bar
Rigghi-Leduc effect It(fg)
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Chiral superconductor in 2D systems
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Chiral superconductor in 2D systems
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Chiral superconductor in 3D systems

chiral p-wave sliced Chern numbers (integer valued)
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Chiral superconductor in 3D systems

e Non-universal surface currents

k2T
e thermal Hall effect Rey = & Nc¢ .
6 h non-universal
e \ measures length
universal of Fermi arc

Nc =1 Nc <1




possible chiral superconductors

tetragonal URU,Si,
crystal structure
odd-parity A .
d, (k) = Ao (ky + ik,) u(,&%fjc
z O\ vz Y @ w
chiral p-wave F;U: 9(40 ¢
even-parity | oga OQ
do(F) = Bo(ks ik b | %&

nodal gap chiral d-wave

polar Kerr effect polar Kerr effect



possible chiral superconductors

Sr,RuO, tetragonal URU,Si,
PN crystal structure

M odd-parity A : /&

under debate now! | Ag(ky £ iky) v :%009
new NMR-Knight shift data cast Ru@ ©
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doubt on odd-parity pairing S® @ ©
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polar Kerr effect polar Kerr effect



possible chiral superconductors

USR
polar Kerr effect

hexagonal
crystal structure

odd-parity
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chiral f-wave nodal gap

even-p

arity

do(k) = Ag(ky =

-ik,)?

chiral d-wave

SrPtAs

Sr

As

Pt

USR



other topological superconductors in 2D

odd-parity superconductors with time reversal symmetry
example on square lattice (nearest-neighbor pairing) N>

- —

d(k) = Ao{Zsin k, + sin ky}

&l
Neoy = —
n helical edge states
—Ao(sinky — isink,) 0
0 o(sink, + isin k) — >
11 — <
Ngy = +1 non-universal
edge spin currents
spin dependent chirality — >




other topological superconductors in 3D

odd-parity superconductors with time reversal symmetry

example on cubic lattice (nearest-neighbor pairing) edge states

with spin texture
E

— —

d(k) = Ag{Zsink, + ysin k, + Zsink,}

A —sin k, + ¢sin k,, sin k.,
Ar = Ay

sin k., sin k; + 2sin k,

i

analog to BW-phase - B-phase of superfluid 3He

completely gapped spectrum in general

Az? = |d(K)|? = |Ao|(sin? kg + sin® k,, + sin® k)



other topological superconductors in 3D

odd-parity superconductors with time reversal symmetry

example on cubic lattice (nearest-neighbor pairing) edge states

with spin texture
E

d(k) = Ag{Zsink, + ysin k, + Zsink,}

i

A —sin k, + ¢sin k,, sin k., .
Az = Ag surface spin currents
sin k., sink, + 2 s
[ A
analog to BW-phase - B-phase of superflu
completely gapped spectrum in genet . e
—
|A,;|2 = |d(k)|? = |Ao|(sin? kg + sin? ky 4




topological superconducting phases

classes of Bogolyubov-de Gennes Hamiltonians with non-trivial edge states

AZclass SU(2) TRS parity examples edge states
D X X odd spinless chiral p-wave chiral
DIII X O odd BW p-wave helical
A VAN X odd spinfull chiral p-wave chiral
AIII A (O  odd nematic ZEero-energy
C O 3 even chiral d-wave chiral
CI O ()  even nematic Zero-energy
O present
X absent

/\ restricted



Conclusion

topologically non-trivial phases in unconventional superconductors

chiral superconductors  time reversal symmetry broken

* non-universal spontaneous surface currents Bogolyubov quasiparticles

 quantized thermal Hall effect conserve energy, but not charge

helical superconductors  time reversal symmetry broken

* non-universal spontaneous surface spin current

e guantized thermal spin Hall effect



Conclusion

topologically non-trivial phases in unconventional superconductors
chiral superconductors  time reversal symma

Superfluid 3He

* non-universal spontaneous surrace currents

e guantized thermal Hall effect

Pressure (MPa)

helical superconductors __time reversal sy

Normal fluid

non-universal spontaneous surface spin curre 5
Temperature (MK)
e guantized thermal spin Hall effect



